This paper describes the use of digital imaging acquired from a conventional desktop scanner for characterization of newly synthesized amino-nitroquinoxaline dyes. The synthetic protocol was based on reactions of building block 2,3-dichloro-6,7-dinitroquinoxaline with aliphatic amines and experiments based on image analysis were carried out with compounds in solution (96-microwell plates) and/or adsorbed on silica (thin-layer chromatography (TLC) plates). Three main goals were achieved: firstly, compounds 2-chloro-6,7-dinitro-3-pyrrolidinoquinoxaline and 6,7-dinitro-2,3-dipyrrolidinoquinoxaline had their concentration predicted in dimethyl sulfoxide (DMSO) solution, as a mixture. Secondly, TLC studies were performed to build a kinetic profile in attempt to monitor reaction involving conversion of 2-chloro-6,7-dinitro-3-pyrrolidinoquinoxaline into 6,7-dinitro-2,3-dipyrrolidinoquinoxaline. Lastly, image analysis and UV-Vis spectroscopy were applied to study the interaction of 2,3-di-n-butylamino-6,7-dinitroquinoxaline with hydroxide anion in DMSO. These approaches based on digital image characterization were successfully implemented in qualitative and quantitative analysis of organic dyes.
Introduction
Nitrogen heterocyclic compounds have been extensively reported in the literature due to their relevance in many fields. 1, 2 Quinoxaline consists of a heteroaromatic system that has attracted considerable attention in biological, environmental and technological areas. For example, two recent reviews reported a broad spectrum of biological activities for its derivatives, such as anticancer, antimicrobial, antiviral, anti-inflammatory, antidiabetes, among others. 3, 4 In addition, quinoxalines are well established as antagonists 5, 6 and found interacting with DNA. 7 On the other hand, several papers are centered on the optical properties of quinoxaline derivatives and their applications as chemosensors for cations 8, 9 and anions, 10, 11 as well as functional materials such as organic light-emitting diodes (OLED), [12] [13] [14] liquid crystals 15, 16 and solar cells. 17, 18 Due to these latter relevant applications based on color properties of organic compounds, we found reactions of 2,3-dichloro-6,7-dinitrioquinoxaline (1) with aliphatic amines emerging as an interesting approach for obtainment of synthetic quinoxaline dyes especially by the mild conditions of aromatic nucleophilic substitution in highly activated substrates and the intense color found in aromatic compounds bearing both amino and nitro groups. [19] [20] [21] Color properties of dyes are usually explored through UV-Vis spectroscopy, however, in the last decade, applications of colorimetric techniques based on the red, green and blue (RGB) system have been successfully employed as an alternative tool for characterization of colored chemical species and systems. For example, conventional desktop scanners have been used for quantification of potassium using disposable sensors based on chromoionophore chemistry, 22 monitoring organic reactions, 23 quantification of pigments in green beans, 24 determination of nitrogen dioxide through colorimetric reaction 25 as well as in several biological purposes, [26] [27] [28] [29] including those related to dyes generated through enzymatic colorimetric methods or synthetic chemicals. Although the above-mentioned studies have shown that the desktop scanner could be used for colored systems characterization, little research has been directed toward the characterization of synthetic dyes, including reactivity studies. In this context, we decided to extend the studies involving reactivity of chloronitro aromatic substrates toward amines 21 to characterize some amino-nitroquinoxaline dyes by applying a digital image-based method on the RGB system.
The herein reported work involves synthesis and image analysis of quinoxaline dyes in solution and/or adsorbed on thin-layer chromatography (TLC) plates in attempt to obtain their color change signatures. Three dyes were chosen from our synthetic works involving synthesis of amino-nitroquinoxaline derivatives and the experiments involving image analysis were divided into three main purposes: (i) to quantify compounds 2-chloro-6,7-dinitro-3-pyrrolidinoquinoxaline (2) and 6,7-dinitro-2,3-dipyrrolidinoquinoxaline (3) in solution (dimethyl sulfoxide, DMSO), alone or as a mixture; (ii) to perform a kinetic study of nucleophilic substitution reaction involving transformation of 2 into 3,in chloroform based on data obtained from TLC analysis; and (iii) to investigate the deprotonation of compound 2,3-di-n-butylamino-6,7-dinitroquinoxaline (4) by action of sodium hydroxide in DMSO aiming for possible applications of this compound as a chemosensor for anions. For studies in solution, the method was adapted to a 96-microwell plate containing colored species which can be directly scanned by using a commercially available desktop scanner. For the TLC studies, we proposed quantification of the amino-nitroquinoxaline derivatives through digitized chromatogram processing. To the best of our knowledge, there is no work reported in literature involving characterization of amino-nitroquinoxaline dyes by using RGB and image processing.
Experimental

General
All reagents and solvents were purchased from commercial sources (Sigma-Aldrich and Merck) in adequate analytical grade and used without further purification, except for the amines, which were distilled prior to use. TLC plates were purchased directly from Sigma-Aldrich. Deuterated solvents were obtained from Tedia and Cambridge Isotope. Plates with 96 microwells (enzyme-linked immunosorbent assay, ELISA) were acquired from Fisher Scientific.
Instrumentation
Elemental analyses were performed in a Carlo Erba E-1110 instrument. Melting points were taken in a Microquímica MQAPF-301 and were not corrected. Fourier transform infrared spectra (FTIR) were obtained in a PerkinElmer model 283 equipment or in a Shimadzu FTIR-8400S. UV-Vis spectra were acquired with a UV-Vis spectrophotometer (Thermo Scientific Evolution 60S) using a 10 mm path length quartz cuvette. Nuclear magnetic resonance (NMR) analysis was performed in a Bruker Avance DPX-300 or in a Varian Mercury Plus 400 MHz instrument. X-Ray crystallographic analysis was carried out with an Enraf-Nonius CAD4 diffractometer with graphitemonochromated Mo K a radiation, at room temperature. An HP Scanjet G2410 scanner (Hewlett-Packard) was used to obtain images of 200 × 200 dpi resolution and 701 × 1058 pixels in size.
Synthesis and characterization
2,3-Dichloro-6,7-dinitroquinoxaline (1) was synthesized in a three-step protocol as previously described. 30 General procedure for obtainment of mono-amino substituted quinoxaline derivatives A solution containing 0.35 mmol of pyrrolidine in 2.0 mL of acetonitrile was added dropwise to a solution of 0.100 g (0.35 mmol) of substrate 1 in 3.0 mL of acetonitrile/ chloroform 2:1 v/v. After the addition, reaction media was stirred at room temperature until total conversion into products (verified by TLC (Scheme 1)). Lastly, the volatile components were distilled under reduced pressure and the solid residue recrystallized from ethanol to afford desired products.
2-Chloro-6,7-dinitro-3-pyrrolidinoquinoxaline (2) 
X-Ray crystallography
In the crystallographic analysis of compound 3, cell parameters were determined from 25 centered reflections in the theta range from 6.79 to 16.93 o . All data were corrected for Lorentz and polarization effects. The structure was solved by direct methods and refined by full-matrix least-squares methods using SIR97 31 and SHELXL97 32 programs, respectively. All non-hydrogen atoms were refined isotropically. H atoms attached to C atoms were placed at their idealized positions, with C-H distances and U eq values taken from the default settings of the refinement program. The Oak Ridge thermal ellipsoid plot (ORTEP) was drawn using PLATON 33 software. Selected crystallographic data are shown in Table 1 , and full crystallographic tables for compound 3 have been deposited with the Cambridge Crystallographic Data Centre.
UV-Vis spectroscopy
Stock solutions of compounds 2-4 were 5.0 mmol L -1 in DMSO. Single UV-Vis spectra of compounds 2 and 3 were obtained from dilution of appropriate stock solutions to 0.05 mmol L -1 in DMSO. Acid-base investigation was based on changes in UV-Vis spectra of compound 4 (0.05 mmol L -1 ) upon addition of 0-100 NaOH eq in DMSO. The blank in these experiments was always 99.5% DMSO. The UV-Vis spectra are shown in Figure S1 (Supplementary Information).
Studies based on image analysis Lastly, 250 μL of each solution were added separately to the microplate for scanning and image acquisition. An illustration of the microwell plate is presented in Figure S2 .
Scheme 1.
Quantification of Synthetic Amino-Nitroquinoxaline Dyes
Kinetic study involving conversion of compound 2 into 3 First, for obtaining calibration sets, 1 μL of solutions containing compounds 2 and 3, alone in CHCl 3 with concentrations ranging from 1.0 to 8.0 mmol L -1 (always diluting by half), were placed separately on chromatographic plates ( Figure S3 ). In the kinetic study, 100 μL of a solution of compound 1 (0.32 mol L -1 ) in CHCl 3 were added to 100 μL of pyrrolidine (1 molar eq) solution, also in CHCl 3 . TLC analysis of the reaction media was then conducted along with reagent mixed and at different times (30, 60, 90 , 120, 180, 240, 300, 600, 1200 and 1800 s) by adding 10 μL of the reaction media onto the TLC plates. All the final chromatograms were directly scanned to generate their digital image.
Interaction of compound 4 with hydroxide anion in DMSO
In this study, 250 μL of six solutions containing compound 4 (0.05 mmol L -1 ) and different amounts of NaOH (0, 20, 40, 60, 80 and 100 eq) in DMSO were placed separately in microplate wells and then digital images were acquired by using a desktop scanner.
Studies based on RGB system and image processing
The digital images were obtained in tagged image file format (TIFF) by scanning the 96-microwell ELISA microplates or TLC plates, which were placed onto the center of the desktop scanner. The next step was to extract the regions of interest (ROIs) from each microwell by square cutting each microwell with the size of 21 × 21 pixels. The same procedure was performed for TLC plate images, but with a difference in the size of the ROIs cutting, which in this case was a square portion of 6 × 6 pixels as the spot on the TLC plate is smaller than an ELISA microwell of 250 μL. The image loading process was performed using the 'imread' command on MATLAB environment (MATLAB ® 7.12, MathWorks) and the cutting process was performed through a lab-made algorithm for automating cutting based on 'imcrop' function, as the cut procedure was always made by checking for a good signal and symmetry for each spot or microwell.
As each colored image on the RGB scale is composed of three data matrix referring to the red (R), green (G) and blue (B) channels, 34 the next step was to calculate the average value of each RGB image by the 'mean2' command on MATLAB. The average value of each RGB matrix corresponds to the arrangement which composes the image intensity, and their calculation is shown in equations 1-3:
where is intensity calculated for the R = (r ij ) m × n matrix, I G is intensity calculated for G = (g ij ) m × n matrix and I B is intensity calculated for B = (b ij ) m × n matrix, considering an image of size m × n pixels.
The intensity of each RGB channel is indirectly proportional to the concentration of the analyte (dye) on the image, since when the image gets darker, the intensities of RGB values tend to 0, and, on the order hand, when the image receives light, the intensities of RGB values Index range tend to 255. 34 Also, the RGB intensities can be used for calculating the absorbance of the RGB channels based on the Beer-Lambert law, giving the RGB-resolved absorbance values (see equation S1). 35 It is also possible to convert the RGB intensity to grayscale intensity, using equation 4, in which the grayscale intensity, , also presents a linear relation with concentration ranging:
An illustrative description of the experiments involving acquisition and image analysis based on the RGB system for characterization and reactivity studies involving the herein reported amino-nitroquinoxaline dyes is presented in Figure 1 .
Calibration using UV-Vis data and partial least squares (PLS) regression
Partial least squares (PLS) 36 regression was employed to the UV-Vis data of dyes 2 and 3 in mixture to evaluate prediction performance by means of the root mean square error of calibration (RMSEC), root mean square error of cross validation (RMSECV), root mean square error of prediction (RMSEP) and the R 2 parameters for the data sets of the external validation samples (predicted vs. reference values). Both calibration and prediction sets were built using samples of dyes in mixture, being their spectra preprocessed by mean-centering. Two latent variables (LVs) were used in the calibration step, with a percentage of explained variance > 99%. Six samples were used in the calibration set and five in the validation set, selected by Kennard-Stone algorithm. 37 The concentration range studied was from 0.010 to 0.070 mmol L -1 for both dyes in mixture.
Results and Discussion
Synthesis and spectroscopic characterization
In this work, mono-and di-amino-nitroquinoxaline derivatives were synthesized as presented in Figure 2 , from reactions of substrate 1 with appropriate amount of the selected amines and isolated in good yields (85-93%). Building block 1 is converted into amino-nitroquinoxaline 2 through monosubstitution of chlorine group with 1 eq of pyrrolidine, which can be then sequentially converted into 3 by action of one more eq of the referred amine. In fact, products arising from double substitution of chlorine can be obtained directly from reactions of 1 with excess of C NMR spectroscopic data. Additionally, compound 3 had its structure confirmed by X-ray crystallography (Figure 2, inset) .
As can be seen in Figure S1 , the UV-Vis spectrum of dye 2 (0.05 mmol L -1 , DMSO) showed one maximum absorption wavelength in the selected region (300-500 nm) at 404 nm, while compound 2 exhibited absorption at 323, 397 and 450 nm (shoulder). Both compounds have amino and nitro moieties connected through a π-extended conjugated system, favoring electronic density delocalization and color induction.
Correlating digital image to concentration of dyes 2 and 3 in solution
As expected for aromatic compounds containing both amino and nitro groups, herein synthesized quinoxalines are yellow-orange colored dyes, 21 and consequently, absorption bands in the UV-Vis spectra of these compounds overlap, especially in the visible region for dyes 2 and 3 ( Figure S1 ). This fact makes quantification of these two compounds in a mixture through UV-Vis spectroscopy very difficult ( Figure S1 ), which induces the need for more sophisticated and expensive techniques, such as liquid or gas chromatography and 1 H NMR. In an attempt to overcome these possible drawbacks, a protocol involving image acquisition of solutions with a conventional flatbed scanner followed by image analysis based on the RGB color system emerges as an alternative to this purpose.
However, it was found that sensibility of the image method decreases as concentration of the colored species becomes lower than 0.05 mmol L -1 , leading to possible inaccurate results. In fact, this finding is also corroborated by other reported works, and may also be influenced by effects of surrounding light in the digital image acquisition. 34 Thence, different color signal values as RGB intensity, gray intensity and RGB-resolved absorbance were used to build the calibration curves of the pure studied compound, in mixture, and for kinetic profile study. Table 2 summarizes the color signal value for each calibration curve and compound.
Quantification of compounds 2 and 3 in DMSO solution was initiated by obtaining a calibration set, in which color intensity of scanned solutions are able to be directly correlated to the concentration of the chemical species (Figures 3a and 3b, respectively, for 2 and 3) . The experiment was performed separately for each dye and concentrations varied from 0.0024 to 5.0 mmol L -1 . Here it is relevant to point out that the highest concentration , respectively. Sequentially, binary mixtures of compounds 2 and 3 were prepared to test the feasibility of using the RGB-based image analysis method for characterization/quantification of these dyes in solution (Figure 4 ). The procedure is described in Experimental and was based on more intense colored dye (3) . Concentration of compound 3 in each mixture was determined using the calibration curve presented in Figure 3b Results obtained for quantification of dyes 2 and 3 in mixed solutions are summarized in Table 3 . The RMSEP value calculated for dyes 2 and 3 were equal to 0.22 and 0.39 mmol L -1 , respectively. In addition, analysis of variance (ANOVA) test was performed for both dyes in mixture, giving F and p values of 0.035 and 0.854 for dye 2; and 0.270 and 0.609 for dye 3, respectively.
As expected in these experiments, predicting concentration of the dyes in solution are more accurate in higher concentrations (until saturation limit) since the intensity of the solutions are stronger.
The angular coefficients close to 1.00 and the linear coefficient close to zero presented in Figures 4a and 4b show that the predicted concentration calculated using the image analysis are very accurate and express results near the real concentration of these compounds in the mixture.
Further, in order to confirm the relevance of the method based on image analysis, we tried to quantify compounds 2 and 3 in a mixture by using univariate and multivariate calibration directly on UV-Vis spectroscopic data ( Figures  S4 and S5 , and Table S1 ). Although univariate calibration curves for compounds 2 and 3, alone, were found to present quite good linear correlation between reflectance function and concentration, they were not possible to be quantified precisely by this procedure (correlation of 0.823 and 0.743 for 2 and 3, respectively). As can be seen, even the best possible prediction results obtained by a univariate method are very poor. For multivariate calibration results, although we have also found a linear correlation between absorbance and concentration for calibration data set, the prediction results obtained by PLS method are poor.
These findings strongly support the strategy based on image analysis and multivariate calibration for simultaneous quantification of dyes 2 (R 2 = 0.993) and 3 (R 2 = 0.993). In fact, the use of digital image analysis was found to overcome problems related to lack of selectivity found in UV-Vis analysis, in which it is usually not possible to predict concentration of one single analyte in a mixture when the spectra of two absorbers overlap. One additional point that must be considered is RGB being a good (probably the best) choice for multivariate calibration purposes since one of the major problems in data treatment is to select appropriate spectral region in order to achieve the best performance.
Conversion of 2 into 3: kinetic profile based on TLC and image analysis
Kinetics of nucleophilic substitution reactions involving aromatic substrates such as halonitrobenzene derivatives have been the subject of several publications. [38] [39] [40] Usually these investigations are especially based on UV-Vis spectroscopy, however, 1 H NMR and, more recently, computational approaches are also found as well established tools. One limitation on the use of UV-Vis in kinetics is related to the peculiar situation in which both substrate and product absorb in similar regions, such as compounds 2 and 3 ( Figure S1 ). In this context, it was decided to explore TLC and digital image analysis in the transformation of mono-to di-amino quinoxaline dyes. It is important to point out that image analysis was found to be a relevant strategy to be employed since predicting concentration of compounds 2 and 3 through UV-Vis and image analysis did not present good results for this dye system. Firstly, calibration sets were obtained by adding 10 μL of compounds 2 and 3 (at concentration values ranging from 1.0 to 8.0 mmol L -1 ) to TLC plates ( Figures S3 and S6 ). Since intensity of color of dye 3 is more intense, its saturation limit was found at 4.0 mmol L -1 . Then, having defined a tool which allows for the quantification of 2 and 3 when adsorbed in TLC plates, a reaction kinetic profile was built. Since compound 2 is very reactive, only 1 eq of the pyrrolidine in CHCl 3 as solvent was defined as a suitable condition to follow the reaction. In the experiment, a series of TLC analyses were made at set periods of time, which led to discrimination of the system composition over the time. Finally, from image analysis of the TLC plates, it was possible to build kinetic profiles based on consumption of 2 in the reaction media, as presented in Figure 5 . The method was found to be quite reproducible (the results are presented in triplicate ( Figure  S7) ), especially if the non-automated system is taken into account (i.e., the operator needs to take an aliquot, place it on a TLC plate and elute inside the chromatographic chamber). In an attempt to mechanistically understand this reaction, these kinetic profiles were plotted as 1/ [2] vs. time to evaluate a possible second order reaction, however, non-linear fit was found ( Figure S8 ), which is compatible with a more complex rate law, possibly due to base catalysis and a limiting rate proton transfer step, commonly reported in nucleophilic substitution reactions involving halo-nitro aromatic substrates and amines. 19, 38, 39 Acid-base equilibrium of compound 4 and HO -in DMSO Our last goal focused on using image analysis in the characterization of chemical species is associated with evaluating the interaction of compound 4 and hydroxide anion, in DMSO, aiming at its possible future application and other similar dyes as a chemosensor for anions. The acidity of compound 4 was initially evaluated by UV-Vis through addition of aliquots of the stock solution to different concentration solutions of HO -(1-100 eq). Evidence of substrate deprotonation by the HO -was found by appearance of a new absorption band at 565 nm, which sharply increases above 40 eq of base (Figure 6a) . Also, changes in the system can be visualized through direct naked eye colorimetric analysis, in which the color of the solution turns to red as concentration of hydroxide rises ( Figure S9 ).
In the work of Yu et al., 41 it was found that HO -induces dissociation of the quinoxaline derivative 6,7-dinitroquinoxaline-2,3-dione (DNQX) in DMSO by abstracting two protons, which leads to an absorption band at 462 nm. Comparing DNQX and 3, it is noted that the respective dione is a more acidic species than the compound evaluated in the present work, as a consequence of a higher stabilization of the conjugated base of 4. This is consistent with the difference in the band absorption wavelength of these two deprotonated species and the more pronounced electron donating ability of the negative charged nitrogen in 4 compared to oxygen in DNQX. In Scheme 2, the reaction of the diamino-quinoxaline derivative and hydroxide in DMSO is proposed, and it was found to be reversible by adding acid. The generated mono-anion species (7) has a structural feature that allows hydrogen bond stabilization of the negative charge, as similarly described by Lin et al. 42 for a similar bis-pyrrol functionalized maleimide.
Chemical transformations differing from acid-base process as mentioned above, such as nitro substitution and/or unproductive complexes formation, have already been reported for substrates containing ortho-dinitro aromatic system, 40 and could lead to new absorption band formation. Such transformations were discarded since the addition of compound 3 (absent of NH groups) to high HO -concentration (100 molar eq) show no variance in UV-Vis spectra (nor in the naked eye colorimetric analysis) in relation to the pure compound in the same solvent.
Finally, image analysis of each sample containing compound 4 and different amounts of HO -(0-100 eq) was performed, but it was not possible to estimate concentration values of the substrate and its anionic form based on the B channel since both acid and conjugated base species present close absorption in the spectral region of 400-430 nm. However, a linear correlation between concentration of HO -(in molar eq) and absorbance values was found, determined by both image analysis using channel G-R (Figure 6b) , and UV-Vis spectroscopy (at 565 nm). Since the variance of absorbance must be relative to a new colored anionic species formation (7), such linear correlations suggest that characterization based on digital image could be interesting for future experiments based on color changes between chemical species and due to the possibility of monitoring reaction progress.
Conclusions
In this work, the feasibility of using digital images for characterization of new amino-nitroquinoxalines dyes was demonstrated by directly scanning microwell plates containing the referred dyes in solution or TLC plates in which dyes had been adsorbed onto them. This alternative approach was based on the use of a conventional desktop scanner and image processing based on RGB system. The three main goals were focused on: (i) predicted concentration values of dyes 2 and 3 in solution and adsorbed onto TLC plates; (ii) to monitor chemical transformation of 2 to 3 by building a kinetic profile from TLC analysis; and (iii) to investigate acid-based reaction of dye 4 in presence of HO -in DMSO. Although the analysis of dyes is usually performed through standard instrumental methods, this fast and inexpensive alternative method based on image analysis was found to be quite relevant since it allowed for discrimination and characterization of structurally similar dyes, and it also emerged as an accessible tool for synthesis and preliminary reactivity studies.
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